Introduction
Titanium carbonitride is a solid solution between the boundary phases titanium carbide and titanium nitride, both of which have a face centered cubic (FCC) NaCl type structure. The stoichiometric phase can be expressed as TiC 1-x N x .
1) It is of practical interest because of its high hardness, good thermal stability and wear resistance. Hardmetals based on titanium carbonitride have been successfully introduced in cutting tools and wear-resistant materials. [2] [3] [4] [5] At present, there are many methods reported on the production of titanium carbonitride. Synthesis of titanium carbonitride by carbothermic reduction of rutile in nitrogen atmosphere was the most common method. Jha 6) studied the reduction-nitridation of TiO 2 with carbon in a range of nitrogen atmosphere from 1 173 K to 1 773 K. It was found that the reaction rates decreased with increasing the content of CO during the reduction-nitridation process. FeCl 3 ·6H 2 O could increase the reaction rate of the reduction-nitridation of TiO 2 as a catalyst. Gupta 7, 8) also found that the reaction rate in the reduction of ilmenite with graphite was enhanced with adding FeCl 3 ·6H 2 O. However, a reasonable explanation was not given for the catalytic action of FeCl 3 ·6H 2 O. Berger 9, 10) found that Ti 2 O 3 does not appear as an intermediate reaction product in the carbothermal reduction of TiO 2 if nitrogen is present, which is consistent with those made by Li 11) and Rezan. 12) The phase domains of TiO 2 -Ti 3 O 5 -Ti 2 O 3 -Ti(CN) were calculated by Kwon. 13) The stable region for Ti 2 O 3 is very small and decreases with increasing
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nitrogen pressure. The direct formation of titanium carbonitride by self-propagating high-temperature synthesis (SHS) was conducted in nitrogen atmosphere by Eslamloo-Grami 4) and Yeh.
1) Slifirski 14) studied the synthesis of titanium carbonitride by chemical vapor deposition in hydrogenammonia atmosphere. Besides, it was also reported that the titanium carbonitride could be produced by high energy ball milling at low temperature in nitrogen atmosphere. 15) The ilmenite concentrate is an important and abundant mineral, which is the principal source for the manufacture of synthetic rutile. Considering that carbothermic reduction of ilmenite concentrate in nitrogen atmosphere is the most cost-effective method to produce titanium carbonitride, many works have been conducted on it. Wehalm, 16) Chen 17) and El-hussiny 18) studied the carbothermic reduction of ilmenite concentrate in nitrogen atmosphere from 973 K to 1 673 K, 1 073 K to 1 673 K, 1 073 K to 1 423 K, respectively. It was thought that solid-state carbon diffusion is the rate determining step for both carbide formation from oxide and nitridation of carbide. However, liquid-state carbon diffusion was not considered by them. When the experimental temperature is above the eutectic temperature of Fe-C binary system 1 427 K, part of carbon would dissolve in Fe to form liquid phase and Fe 3 C, which led to a solid-liquid reaction in the reduction-nitridation process. In our previous study, the phase evolution during the carbothermic reduction of ilmenite concentrate in argon atmosphere was studied. 19) As a preliminary work to prepare titanium carbonitride based composite materials by ilmenite concentrate, the experiments described in this paper were performed in order to clarify the phase evolution and reaction mechanism in the carbothermic reduction of ilmenite concentrate in nitrogen atmosphere.
Experimental
The ilmenite concentrate was obtained from Panzhihua, Sichuan, China. It was analyzed by X-ray diffraction (XRD, Rigaku Ultima IV, Cu Kα radiation, λ = 1.5406Å) and X-ray fluorescence (XRF, Shimadzu XRF-1800), which are presented in Fig. 1 20) The graphite powder ( ≥ 99.85%) was used for the carbothermic reduction. The particle size distributions of the ilmenite concentrate and graphite powder were analyzed by LMS-30 laser particle size distribution apparatus (Seishin Enterprise Company, Ltd., Tokyo, Japan, dispersant ethyl alcohol), which are shown in Fig. 2 . The main reaction occurred during the preparation of titanium carbonitride is shown in Eq. (1) . Considering that the impurity contents in ilmenite concentrate are more than 15% and that CO 2 existed in the reaction products, ratio of 1:3 was selected as the molar ratio of ilmenite to carbon. The ilmenite concentrate and the graphite powder were mixed homogenously and were made into cylindrical briquettes with the addition of polyvinyl alcohol solution (PVA, 2%wt). The diameter of a cylindrical briquette was 18 mm and the total mass was approximately 2 g. The cylindrical briquette was placed in an alumina crucible, which was put into a graphite crucible.
Following the procedure reported in our previous study, 19) the isothermal reduction-nitridation experiments were studied at 1 473 K, 1 573 K, 1 673 K and 1 773 K, respectively. When the temperature of the vertical tube furnace reached the desired value, the crucible was put into the constant temperature zone under a flowing nitrogen atmosphere (0.8 L·min ). The reduction-nitridation products were examined by XRD and scanning electron microscope (SEM) for the identification of their phase compositions and microstructure. The Mass loss ratios at various temperatures were measured and used to judge the mechanism. 19) or helium atmosphere. 21) 3.2. Microstructure of the Reduction-nitridation Products BSE images of the samples reduced for various reaction time at 1 473 K are shown in Fig. 3. From Fig. 3(a) , it can be seen that there still remained some unreacted ilmenite in the center of the particle when the reduction-nitridation time was 0.5 h. Because this part of ilmenite was wrapped in reduction products, the existence of ilmenite could not be examined by XRD. The initial iron particles reduced from the ilmenite were extremely fine and gradually gathered to grow up as the reaction time prolonged. The results of EDS performed at various phases are presented in Table 3 . It is noted that there was a certain content of C dissolved in Fe.
BSE images of the samples reduced for various reaction time at 1 573 K are shown in Fig. 4 . EDS analyses performed at various phases are presented in Table 4 . BSE images of the samples reduced at 1 673 K are presented in Fig. 5 . Compared to Fig. 4 , TiC 1-x N x had already appeared at 0.5 h at 1 673 K, and it was formed much earlier than at 1 573 K. The contents of elements in Ti 3 O 5 /TiC 1-x O x or TiC 1-x N x did not change significantly with increasing reaction time. EDS analyses performed at various phases are listed in Table 5 .
4(c). Combined with
BSE images of the samples reduced for various reaction time at 1 773 K are presented in Fig. 6 Table 4 . EDS results of various phases in Fig. 4 EDS analyses performed at various phases are presented in Table 6 .
Combining the results of XRD and EDS, the reaction sequence from 1 473 K to 1 773 K in nitrogen atmosphere was found: 
Mass Loss Ratio and Reacted Fraction
The mass loss ratios (W) due to oxygen removal were evaluated at various temperatures by Eq. (2), where w 0 is the initial mass of the sample and w t is the mass of the sample after various reduction-nitridation time. The mass loss curves of reduction-nitridation process are shown in Fig. 7 . The dashed horizontal lines (1) and (2) The mass fractions of element Mg were different in Ti3O5/TiC1-xOx 1 and Ti3O5/TiC1-xOx 2 , which led to different colors in Fig. 6(a).   Fig. 7 . The mass loss curves of reduction-nitridation process.
shown in Fig. 8 . It is obvious that the reduction-nitridation rate of ilmenite concentrate with graphite was much faster than that of TiO 2 with graphite in N 2 atmosphere. This is because that the presence of Fe accelerated the diffusion of carbon. Fe was the first reduction product reduced from the ilmenite concentrate and was inlaid with titanium suboxides (Ti n O 2n − 1 ). As shown in Tables 3-6 , there was a certain amount of carbon dissolved in Fe, which made Fe a diffusion channel for carbon to titanium suboxides. Welham 22) also found that the dissolution and rapid diffusion of carbon within Fe ensured an abundance of carbon at the contact interface. The carbon transported in Fe would make the Fe-C eutectic melting to a liquid phase when the temperature was higher than 1 427 K. Much more carbon would dissolve in the liquid phase at higher temperature. Because of the existence of liquid phase, the solid-solid reaction between TiO 2 in ilmenite and graphite was changed to solid-liquid reaction between TiO 2 and the dissolved carbon, which greatly promoted the reaction kinetics. Gupta 7, 8) added 5 wt% FeCl 3 ·6H 2 O in the reduction of ilmenite with graphite. When FeCl 3 ·6H 2 O crystals were heated, Eqs. (4), (5) and (6) occurred in sequence and the reaction rate was enhanced. Gupta thought that the addition of FeCl 3 ·6H 2 O provided nuclei of iron which subsequently speeded up the Boudouard reaction for the regeneration of CO. According to this conjecture, since iron was not contained in TiO 2 , FeCl 3 ·6H 2 O could not stimulate nucleation of iron and the reaction rate of the reduction-nitridation of TiO 2 should not increase. Actually, Jha 6) found that FeCl 3 ·6H 2 O improved the reaction rate obviously. It indicated that the real reason for the increase of reduction rate was that the addition of FeCl 3 ·6H 2 O provided Fe as a transport channel for carbon. Miki 23) found that the metastable Fe 3 C phase would decompose rapidly over 900 K under argon atmosphere. It was confirmed that composite of nano-size C and Fe would form when Fe 3 C decomposed. This is consistent with the results of BSE images and EDS analyses. At the end of the reduction-nitridation experiments, the crucibles were taken out from the furnace quickly and cooled in a flowing argon atmosphere, which led to the decomposition of Fe 3 C.
Effect of Carbon Monoxide
Considering that carbon can be also formed through CO gas, ∆G θ for Eqs. (7)- (9) are calculated by a thermodynamic database Factsage 6.4. The thermochemical activities of FeTiO 3 , Ti 3 O 5 and TiC are assumed as 1. As shown in Table 6 , a certain amount of carbon were left in reaction products. Because of the existence of excess carbon, the thermochemical activity of carbon is 1. It is obvious that Eq. (7) can occur when the reaction temperature was higher than 1 200 K. The values of ∆G θ in Eqs. (8) and (9) are greater than zero when the reaction temperature is higher than 1 473 K. According to the Eq. (10) 
Effect of Nitrogen Atmosphere
Equations (13)- (15) are calculated by Factsage 6.4. The value of ∆G θ in Eq. (13) is greater than zero when the reaction temperature is higher than 1 921 K. This means that TiN is more stable than TiC at 1 473 K-1 773 K if the partial pressure of nitrogen is 1 atm. The values of ∆G θ in Eqs. (14) and (15) are not less than zero until the reaction temperatures are higher than 1 505 K and 1 628 K, respectively. However, as shown in Table 2 , the lowest temperature for the generation of TiC 1-x N x was 1 573 K. This is because that the produced CO was taken away by the flowing nitrogen atmosphere, which was beneficial to the formation of TiC. On the other hand, part of carbon dissolved in Fe to form Fe-C eutectic liquid phase, which improved the dynamic condition of Eq. (15). 
Conclusions
Carbothermic reduction of ilmenite concentrate in nitrogen atmosphere was studied in isothermal experiments from 1 473 K to 1 773 K. The reaction rate and extent of the reduction-nitridation process were increased with increasing temperatures. The reduction product Fe played a significant role of accelerating the reaction between C and titanium suboxides. The phase evolution during the reduction-nitridation process was: 
